Introduction 36 37
In many industrialised countries the majority of mining environmental problems are 38 legacies of the past 1 . The recognition of the extensive nature of the environmental 39 impacts, which threaten local ecosystems and human health has driven initiatives for 40 remediation, e.g. the USGS Abandoned Mine Lands Initiative 1, 2 and the UK 41 recognition of the impact of historic metal sites in the context of the Water 42
Framework Directive (2000/60/EC 3 ). Releases of polluting substances that cannot be 43 easily traced back to a discrete contaminant source are referred to as diffuse 44 pollutants. Diffuse source water pollution from current and historic mining activities 45 can severely impact the water quality especially with regards to acidification and 46 metal loading 4, 5 6, 7 . This has particular relevance in the context of the Water 47
Framework Directive (2000/60/EC), which aims to achieve "good status" for all 48 surface waters (ecological [physico-chemical, biological, specific Although previously worked during a number of phases that are likely to date back to 154 at least the Roman period, the majority of the lead mines were exploited during the 155 period 1692 to 1882 21 (Table 2  22 To assist with the interpretation of the contaminant loading in the catchment 304 consideration has been given to the geochemistry of the contributing waters, which 305 include: minewater; seepages from the mine waste; the Rookhope Burn water quality, 306 and contributions from other adits and surface waters (Tables 3 and 4 ). The 307 minewaters were classified as Ca-HCO 3 -SO 4 water, from: the mine water outburst at 308 Wolfcleugh (sample point 7), Tailrace Level (sample point 10) and Boltsburn Level 309 (sample point 18). These waters were found to be near neutral (pH 6 to 7), highly 310 ionized, with elevated concentrations of: Ca (27-125 mg/l), Mg (5 to 20 mg/l), K (6 to 311 8 mg/l at the outburst), HCO 3 (73 to 234 mg/l), SO 4 (16 to 299 mg/l) and F (1 to 5 312 mg/l). Ca:Mg weight ratios in the mine waters were generally high (>6). They were 313 characterized by Zn concentrations in the range 0.04 to 2.42 mg/l, the higher 314 concentrations being associated with the mine water outburst (sample 7). Sample 7 315 was also found to be enriched with Mn (3.69 to 6.77 mg/l). When compared with the 316 minewater types defined by 13 , they appear to fall within the Type III category, but 317 were generally more dilute. Water from other adits (sample points 26 and 29, Figure  318 2) comprised dilute Ca-HCO 3 and Ca-HCO 3 -Cl water with neutral to slightly alkaline 319 pH values and lower concentrations of Ca, Mg and SO 4 . The Ca:Mg ratio was found 320 to be marginally higher than that of the minewaters (~7.5). These waters were alsocharacterised by lower concentrations of F and Zn than the mine waters. Their 322 chemistry suggests that the discharge from these adits is largely surface water 323 drainage through the unsaturated zone. contribution from the outburst at Wolfcleugh. The increased loading in a downstream 547 direction indicates the F to be more dispersed and conservative than Zn (Figure 6 ). 548 SO 4 shows a similar, dispersed contribution, which is comparable with that observed 549 by 5 . Locally there is a reduction in the F load associated with a reduction in the 550 discharge determined for sample point 23. This may be indicative of karstic losses of 551 stream water to the bed of the river, as hypothesised above. 552
The measured concentrations indicate that F might also be a contaminant of concern. 553 Whilst the WHO guideline for drinking water quality is 1.50 mg/l 29 , 30 suggested that 554 F concentrations in the river environment be limited to 0.5 mg/l, based on the toxic 555 effects on invertebrates and fish in soft waters with low ionic content. Toxicity was 556 concluded to be related to water hardness however, and with increased hardness safe 557 levels of F could be increased to 1.0 to 1.5 mg/l 30 . The guideline values are lower 558 than the concentrations determined in the vicinity of the Tailrace Level and during 559 baseflow conditions throughout much of the Rookhope Burn downstream of Grove 560
Rake. Further research is required to understand the ecological impacts. 561 562
Conclusions 563 564
Zn has been identified as the key contaminant of (ecological) concern in the 565
Rookhope catchment, where it generally exceeds the EQS values for salmonid andcyprinid life. Synoptic sampling and contaminant load calculations have demonstrated 567 that Zn primarily reaches the stream via point sources of mine water. Zn sinks gave 568 also been identified. This may be particularly important in the context of any future 569 changes in the catchment either as a consequence of climate change, or anthropogenic 570 influences. In considering remedial target measures to achieve "good status" further 571 work is required to determine the actual ecological impacts of the levels of 572 contamination that have been identified. F has been shown to be a good indicator of 573 the contribution of dispersed contamination to the Rookhope Burn. The measured 574 concentrations indicate that F might also be a contaminant of concern with values > 575 1.5 mg/l during baseflow conditions throughout much of the Rookhope Burn 576 downstream of Grove Rake. 577 578 High resolution water monitoring, in conjunction with a good conceptual model, can 579 be used to discriminate between point and diffuse sources and subsequently assess the 580 implications of their distribution. In this case study, building on the work of earlier 581 authors 9, 10, 13 , this has facilitated the characterisation of the five most significant 582 source contributions of Zn to the Rookhope Burn: the known contributions via 583 drainage adits (Tailrace Level and Boltsburn Level); previously unknown sources of 584 mine water entering via the bed of the stream; suspected karst groundwater resurgence 585 to the bed of the stream, and the mine water ingress via a recent mine water outburst. 586
The remedial measures for the outburst incorporated a permanent drainage discharge 587 to the Rookhope Burn, which will also comprise a long term point source contribution 588 of Zn to the stream. Nonetheless, the results of the synoptic sampling and the work of 589
The triggering of the outburst raises the question of the stability of the underground 592 workings and the risk of designing remediation schemes for a single point, which 593 could be made obsolete in the event of a comparable outburst elsewhere in the 594 catchment. Furthermore, the mine water contribution to the bed of the river highlights 595 the difficulty in designing remedial schemes for mine water contamination, 596 demonstrating the need for more detailed understanding of the hydrology associated 597 with abandoned workings. Table 2 : Centres of mining within the Rookhope Catchment. Table 3 : Sampling point location, major ion and trace element concentrations, field measurements and discharges of inflows in Rookhope catchment. Table 4 : Sampling point location, major ion and trace element concentrations, field measurements and discharges of Rookhope Burn. Page 31 of 41 Early working of iron ore flats associated with the Lower Felltop Limestone. Subsequent working for galena and fluorspar. (Carruthers and Strahan, 1923) . Reopened and comprised four separate mines: Frazer's Hush, Rake Level/ Firestone Incline workings, Incline workings, Grove Rake and Greencleugh (Johnson and Younger, 2002; Younger 1999) . Originally referred to as a Grove Rake Mine. Levels flooded. Breckon Sike Level 389112 543608
Associated with West Groverake (Dunham, 1990 Exploited for lead and iron carbonate, the ore coming from both the Little and Great limestones (Dunham, 1990; Fairbairn, 1996) . Weardale Lead Company built Rispey Mill (Dunham, 2002) . Scarsike Veins (Tailrace Water Level).
542732
East and West Scarsike Veins were worked for lead. The Tailrace Water Level was driven from a level of 364 m OD in Scarsike Vein, then turns north west and continues as a crosscut via Rispey Engine and Wolfcleugh shafts to Groverake Whimsey Shaft (a total distance of 2.8 km). Dunham (1990) reported that it was understood to be partially blocked between Wolfcleugh and Groverake mines. Straitlegs (Straightleggs) Vein and Level
542880
Level driven south from the burn to the vein (not shown on the current 1: 50 000 scale geology sheet) (Dunham, 1990; Fairbairn, 1996) . Redburn Mine 392328 543621
North-eastern end of Rispey Vein. Barren ironstone trials adjacent (Fairbairn, 1996) . Lintzgarth Arch 392448 542979
Built in 1737 Remnant of the former Lintzgarth Mill, which was and incorporated a silver refining furnace (Fairbairn, 1996) . Fulwood Mine 392568 542537
Worked for the ironstone flats associated with the Great Limestone (Fairbairn, 1996) . Boltsburn Mine 393679 542802
Boltsburn West Level driven in the early 1800s.
Worked primarily for fluorspar, but early workings for lead. Vein crosses the Rookhope Burn.
Brandon Walls Vein 394652 541118
Dates at least to 1662 (Fairbairn, 1996) Mined for lead ore and ironstone. The shaft (395295 541063) was worked for iron ore in the Great Limestone. Subsequent lead production noted by Dunham (1990) and Fairbairn (1996) . 
